The occurrence of multiple corpora lutea (CLs) in the ovaries of the cycling and pregnant elephant, a monovulatory mammal, has driven scientific discussions during the past five decades. However, fundamental knowledge on luteogenesis is lacking. In this long-term study, CL formation and regression throughout the estrous cycle were monitored using transrectal 2D-and 3D ultrasonography in 33 captive Asian elephants. Serum or urinary progestagens (P m ) were measured to determine the reproductive cycle stage. In seven females, serum P m and LH concentrations were directly related to ovarian events. We have found two different modalities of luteal development: one for the accessory CL (acCL) and one for the ovulatory CL (ovCL). acCLs were derived from luteinization of larger, subordinate follicles after the first anovulatory LH peak. The dominant follicle produced the largest CL after the second (ovulatory) LH peak. The first luteal tissue formation became visible w10 days after the respective LH peak. After ovulation, it took 29.8G5.0 days for the acCLs to reach their maximum diameter, whereas the ovCL reached a significantly larger size (33.2G2.3 mm, P!0.0001) about 10-15 days later. All CLs were visible throughout the new follicular phase, with some of the larger ones still present in the subsequent luteal period. In this study, we have demonstrated that Asian elephants have evolved a novel method for luteal development and function, and by repeatedly forming two types of distinctly different CLs for every reproductive cycle, they have ensured that there will be sufficient luteal capacity for maintaining a 22-month pregnancy should conception occur.
Introduction
Luteogenesis plays a decisive role in mammalian reproduction. The corpus luteum (CL), as the initial source of progesterone, forms after ovulation from granulosa and theca cells of the ruptured dominant follicle wall. Therefore, the number of CLs usually matches with the number of ovulations and conceptuses/offspring (Short 1977) . However, in elephants, where cows typically give birth to one young (Laws & Parker 1968) , up to 42 CLs have been found in ovaries of culled pregnant African elephants (Perry 1953: up to 20 CLs; Smith & Buss 1975: mean of 6 CLs; Laws 1969a: up to 42 CLs; Allen 2006 : between 3 and 8 CLs). The CLs in elephants are also unique in the fact that the main progestagen secreted by the luteal cells is not progesterone, but are its 5a-reduced metabolites, 5a-pregnane-3,20-dione and 3a-hydroxy-5a-pregnan-20-one (Hodges et al. 1994 (Hodges et al. , 1997 .
The finding of multiple CLs has driven different hypotheses. Initially, the elephant was regarded as polyestrous and polyovulatory, as multiple ovulations could explain multiple CLs (Perry 1953 , Laws 1969a ). Other investigators believed that females were polyestric, but monovulatory, needing to accumulate CLs from subsequent ovulations over many cycles before pregnancy could be sustained as only small quantities of progesterone were found in the CLs (Short & Buss 1965 , Smith et al. 1969 . Laws (1969b) summarized these findings and concluded that elephants were polyestric and polyovulatory, occasionally monovulatory, but they formed accessory CLs (acCLs) from the luteinized follicles (LUFs).
The mean number of CLs in cycling elephants is not different from pregnant elephants and progestagen concentrations do not increase over consecutive cycles (De Villiers et al. 1989 , Hodges et al. 1997 . These findings led Hodges (1998) to disagree with the theory of CL accumulation. He concluded that a reasonable average of six to eight CLs formed in each cycle. Furthermore, the rare occurrence of twins (Laws & Parker 1968 , Niemuller et al. 1998 suggested that elephants are monovular, with acCLs forming from nonovulated follicles (Smith & Buss 1975) . A theory suggesting that acCL formation occurs during pregnancy and involves the development of endometrial cups and secretion of eCG as described in mares (Allen & Moor 1972 , Squires et al. 1978 , could not be verified for elephants (Allen et al. 2002 , Allen 2006 . Luteal tissue undoubtedly is crucial for pregnancy maintenance, but despite determined research efforts, the factors controlling CL formation and function in elephants have remained elusive (Hodges et al. 1994 , Allen 2006 . The technological advances of transrectal ultrasonography have been a major breakthrough, enabling us to depict and follow the ongoing physiological ovarian process over time in elephants (Hermes et al. 2000 , Hildebrandt et al. 2000a , 2000b . The first sequential ultrasound study which was performed in African elephants focused on the interluteal phase and demonstrated that multiple CLs were formed in every cycle (and not only during pregnancy; Hermes et al. 2000) . It was suggested that these CLs were derived either from nonovulatory LUFs forming acCLs or after ovulation.
A nonconceptive cycle in elephants is up to 16-weeks long, with the luteal phase taking w10 weeks (first reports, Asian: Hess et al. 1983; African: Plotka et al. 1988) . This indicates that the CLs must be active up to 10 weeks and suggests that the development of functional structures must be slow. The present work was conducted in order to address the longstanding question of how and when the CLs form in relation to the endocrine pattern and to investigate whether the acCLs have a different origin from the ovulatory CL (ovCL).
By combining progestagen and LH measurements with ultrasonographic observations, we have provided cornerstones for describing the physiological processes involved in the formation, growth, and regression of the luteal tissue during the estrous cycle in the Asian elephants. This study on CL development characterizes the ovarian events during the long estrous cycle and reveals a mechanism of luteogenesis different from all described mammals to date.
The results increase our understanding of luteogenesis in elephants and show the unique process of CL recruitment in this species.
Results

Hormonal cycle (group 1)
In group 1, the average cycle length was 105G1.9 days (range 95-120 days) with a luteal phase of 61.1 G7.9 days and a follicular phase of 45.6G4.5 days. A schematic overview of cyclical hormones is given in Fig. 1 .
The average interval between the fall in P m and the first LH surge was 25.1G6.4 days, which was typically around day 85 of the reproductive cycle. The first and second LH peaks measured 2.5G0.5 and 2.7G0.2 ng/ml respectively and were 20.6G1.1 days (range 19-23 days) apart. Progestagens rose 2.5G2.1 (range 0-7 days) after the second LH surge. Luteal phase P m concentrations were extremely variable within and across individuals. Peak P m values ranged from 0.47.to 16.9 ng/ml between animals. Within the same animal, maximum P m levels ranged from 1.07 to 12.48 ng/ml between cycles (Fig. 2) . However, we found no correlation of P m with CL size or number. In 13 of 39 examined cycles in group 1, a slight transient P m increase was already detectable 1-7 days before the second LH peak.
Ovarian activity as seen by ultrasound (groups 1 and 2)
Follicular phase
Two waves of follicular development per estrous cycle were observed during the follicular phase. These waves encompassed two 3-week spans, ending at the first LH and second LH peaks respectively (Fig. 1) . As soon as P m from the previous luteal phase reached nadir concentrations, fresh follicles appeared in the ovarian cortex (mean of 9.3G1.9 follicles, n 1C2 Z10 animals). The follicles became ultrasonographically visible at a diameter of about 1.0-2.0 mm, increasing to 4.8G0.9 mm over the following week.
Smaller follicles started regressing about 4 days before the first LH peak and only larger ones stayed. The number of follicles from the first follicular wave dropped to 5.0G1.7, although their size was significantly larger at the first LH peak compared with the first week of the follicular phase (Friedman's test, FrZ17.49, P!0.01; n 1 Z7 animals, Fig. 3 ). After the first LH surge, newly formed follicles were observed in addition to the remaining ones from the first follicular wave (Fig. 1) .
The mean size and number of follicles 1-5 days after the first LH surge was 6.1G1.0 mm and 10.0G4.2 respectively (n 1 Z7).
As the new follicles of the second wave grew larger, the original follicles retained their size. Luteinization of the larger follicles from the first wave began 8.15G2.11 days (range: 12-3 days, n 1C2 Z8 animals) before ovulation. This was initially discernible by discrete enhancement of the echogenicity of the follicle wall ( Fig. 4A ) as compared with a normal follicle (Fig. 4B) . The wall of the LUFs had a moderately echogenic (grayish) texture indicative of luteal tissue which increased as the timing for the second LH peak approached.
Luteinization was quite prominent 3 days before ovulation (Fig. 4C) . The central cavity of the acCls was maintained into the early luteal phase ( Fig. 4D and E) . Only follicles larger than 7.5 mm at the first LH peak were observed to luteinize. Similarly, only 2-4 follicles from the second wave reached a larger diameter while the smaller follicles regressed. Around ovulation, the mean number of subordinate follicles was 3.1G1.9 with an average size of 8.5G2.9 mm (n 1C2 Z14 animals). There was no significant difference in the number and size of subordinate follicles between the first LH and second LH peaks (Friedman's test, FrZ19.08 and FrZ17.49 respectively, PO0.05, n 1 Z7, Fig. 3 ).
The dominant follicle (Fig. 4B ) became distinguishable 6.5G1.9 days (n 1C2 Z6 animals) before ovulation. On the day of ovulation, the dominant follicle (Fig. 4B ) measured 20.2G0.8 mm (n 1C2 Z11 animals). Most of the smaller follicles had already regressed therefore the number of follicles was significantly lower compared with the early follicular phase (days 1-8 after the P m drop), whereas their diameter was significantly larger (Friedman's test, FrZ19.08, P!0.05, n 1 Z7, Fig. 3 ).
The ovulatory follicle ruptured about 12-24 h after the second LH peak. Bull interest and mating activity stopped at the same time when ultrasound confirmed ovulation had occurred (observed in five occasions). Smaller, nonovulatory follicles from the second wave, which had not luteinized, either disappeared around ovulation or regressed between 1 and 5 days later.
Luteal phase: general formation and regression of luteal tissues Two types of CLs were distinguishable: a single CL formed after rupture of the dominant follicle and acCLs formed from the unovulated, LUFs before ovulation. At the mid-luteal phase, we counted between 2 and 12 CLs on both the ovaries, which ranged in diameter from 9.8 to more than 41.0 mm. The average number of CLs in the luteal phase was 4.2G1.5 (n 1C2 Z33 animals). Generally, the number and size of all CLs was variable within and between animals. This is reflected in the growth curves of CLs (Figs 2 and 5).
The ultrasonographic appearance of luteal tissue changed over time (Fig. 4) . Different developmental stages of the CLs are depicted in Fig. 4 (acCL: Fig. 4A , C-E, K (i), and L (i); ovCL: F-J and K (ii)CL (ii). Fresh CLs were large, round, or plum shaped, moderately echoic ( Fig. 4D and E) with a fine lined, irregular texture representing connective tissue septa (Fig. 4I ). Older CLs converted to almost anechogenic, oval structures with a dominant bright, horizontal (connective tissue) bar in the center ( Fig. 4J and L) at mid-to late luteal phase.
The growth of all the luteal structures happened very slowly over 35-50 days. Usually, within a week after reaching maximum dimension, a reduction in CL size was noticeable (Figs 2 and 5). Luteolysis continued throughout the next follicular phase and was still incomplete when the following ovulation occurred (Figs 2 and 5). Therefore, the average number of CLs was significantly greater when counted in the week after ovulation (fresh forming and old remaining CLs) than at mid-luteal phase when compared in group 1 (paired t-test: tZ4.23, dfZ9, PZ0.0022, n 1 Z7).
The right ovary was more active with 59.9% of ovulations observed here. The ovulatory ovary also had a higher number of acCLs as compared with the contralateral ovary. Furthermore, the right ovary (height: 36.7G7.7 mm, length: 74.7G9.9 mm) was slightly larger than the left one (height: 35.7G4.9 mm, length: 70.8G10.4 mm), reflecting the abundance of functional structures on the former. However, the size difference was not significant (paired t-test: height -tZ1.079, dfZ22, PZ0.293; length -tZ1.781, dfZ22, PZ0.089, n 1C2 Z26). Finally, two different types of CL development were distinguishable by their origin: type 1 -CLs were derived from LUFs before estrus and represented the source of acCLs; type 2 -CLs formed after ovulation from the ruptured dominant follicle (ovCL).
CL type 1: acCLs
The formation of acCLs is shown in Fig. 2 . Luteinization of follicles became visible 8.15G2.11 days (range: 12-3 days, n 1C2 Z8 animals) before ovulation (Figs 1 and 4A and C). The wall of the luteal tissue from the LUF enlarged, while the inner fluid center shrunk until it was completely closed. acCLs sustained the shrinking anechoic center up to 4 weeks into the luteal phase (Fig. 4E) . However, occasionally, acCLs with completely filled cavities were present at ovulation. A more echoic spot remained in the acCL center, which gradually elongated until a horizontal line had formed ( Fig. 4B and L). The final diameter of the acCL was variable and depended on the follicle size from which they were derived. The acCL reached maximum dimensions around 28.9G5.0 days post ovulation. The largest acCL measured 25.7G3.3 mm on average (n 1C2 Z26).
Interestingly, the acCLs started regressing earlier than the ovCL with no apparent effect on P m concentrations (Figs 1 and 2 ). Regression usually began 35-40 days post ovulation. This process was markedly slower than the CL formation (Figs 1, 2 and 5). The acCLs were still visible when the next follicular phase was reached (Fig. 2) (Fig. 5) . The number and size of acCL was always larger on the ovulatory ovary, whereas the contralateral ovary usually carried no or only one or two smaller CLs.
CL type 2: ovCL
A single Graafian follicle always ovulated 12-24 h after the second LH peak. After ovulation, it was just possible to visualize a longish, irregular remnant of the collapsed follicular wall. This 'ovulatory scar' was evident either as an anechoic transudate into the former follicle antrum (Fig. 4F) or hemorrhage resulting in an echoic blood clot. It took between 7 and 12 days before the ovCL could be clearly identified (Fig. 4G) . Unlike the acCL, the ovCL usually maintained no cavity. While the acCLs reached their maximum diameter about 30 days post estrus (Figs 1, 2 and 5), the ovCL was still enlarging at this time (Fig. 4I) . The ovCL had a more rapid rate of growth in the beginning and mid-to late luteal phase. The full-grown ovCL always had the largest diameter of all CLs. The growth is expressed in the regression for group 1: yZ0.00005x Box plots of follicle size (A) and number (B) at different stages during the follicular phase measured in 11 elephants, pre-LH1: days 1-8 of the follicular phase; anLH: 2-0 days prior the first LH peak; post LH1: 1-5 days after the first LH peak; inter LH: days 5-18 after the first LH peak (between first and second LH); ovLH: 2-0 days prior the second LH peak. Statistics for group 1 females: NS, no significant difference of follicle number and size between first and second LH peak (PO0.05, n 1 Z7); *follicle diameter is significantly larger at the LH peaks (anLH and ovLH) compared with the beginning of the follicular phase (pre-LH1), P!0.05, n 1 Z7; C follicle number is significantly lower at the second LH peak (ovLH) compared with the first 8 days of the follicular phase (pre-LH1), P!0.05, n 1 Z7. (Fig. 5) . On day 41.4 G4.6, the ovCL reached maximum size. Mean diameter for the largest CL was 33.2G2.3 mm (n 1C2 Z25). The difference in diameter between the ovCL and the largest acCL was highly significant (paired t-test: tZ9.708, dfZ23, P!0.0001, n 1C2 Z25).
A decline in P m concentration started shortly before the structural changes were apparent in the ovCL (Fig. 2) . When P m values had reached baseline, the ovCL and the largest acCL from group 1 still measured 29.9G1.8 and 21.7G1.9 mm respectively.
Discussion
There are few descriptions of uniparous species that form acCLs during the luteal phase of the estrous cycle. Among these few known examples are the white-tailed deer (Mansell 1971 ) and some porcupines (Mossman & Judas 1949 , Jori et al. 2002 . The closest living relatives to elephants, the Sirenia, have LUF that form accessory luteal structures during the reproductive cycle and pregnancy (Marsh et al. 1984 , Rodrigues et al. 2008 . Interestingly, we found that Asian elephants have two different types of CL formation with distinctively different growth curves (Figs 1, 2 and 5 ).
During the follicular phase in African elephants, the occurrence of two follicular waves, each terminated by an LH peak, has been previously reported (Hermes et al. 2000) . The authors hypothesized that the first LH peak induced luteinization of subordinate follicles from the first wave. We were able to confirm the presence of two distinct waves for the Asian species, however, only the largest of the subordinate follicles from the first follicular wave luteinized after the first LH peak, whereas smaller follicles regressed. This may be due to the fact that only granulosa cells in follicles of a certain size express increased LH receptors as has been shown in cattle (Xu et al. 1995) .
LUFs were first observed 10-12 days after the first anovulatory LH peak. The time between LH surges and the appearance of the first sonographically visible luteal tissue for both acCL and ovCL were surprisingly long. Despite this delay, the first LH surge is the likely cause for luteinization of larger nonovulatory follicles. A similar development period was seen for CLs derived from ovulation after the second LH peak.
This slow luteal cell proliferation is very interesting. In other species, rapid ultrasonographically visible CL formation can be seen within 1-3 days, with full development by w10 days post ovulation (giraffe: Lueders et al. 2009; sheep: Jablonka-Shariff et al. 1993; mare: Harrison 1946) . In the elephant, it took w40 days after the first or second LH peak for either acCLs or ovCLs to reach their maximum diameter. The slow growth rate of functional structures may help to explain the duration of the elephant estrous cycle as it is mainly governed by the luteal lifespan. Previous assumption that elephants accumulate CLs over subsequent cycles (Perry 1953 , Hanks & Short 1972 ) has been proven incorrect. However, it is true that some CLs in the ovaries are older than others (Perry 1953 , Smith & Buss 1975 . Perry (1953) described mostly two, but as many as three 'generations' of luteal tissues based on their histological appearance. This study concurred with these findings that LUFs, ovCL, and remains of old CLs from the last cycle could be seen simultaneously during the early luteal phase. Furthermore, the different stages of CLs are readily differentiated ultrasonographically by their echotexture (Fig. 3) . All CLs from the last cycle are typically 4-months old before they disappear within the next luteal phase. The parallel existence of these three CL generations can explain the different macroscopical and histological appearance that former investigators noticed (Perry 1953 , Short & Buss 1965 , Hanks & Short 1972 . It is also the reason for a significantly higher number of CLs in the early luteal phase as compared with the mid-to late luteal phase.
The maximum size of African elephant CLs has been previously reported to range between 5 and 8 cm during pregnancy (Perry 1953 , Allen et al. 2002 , Allen 2006 . Our measurements of CLs in cycling Asian elephants did not exceed 4.1 cm. Similarly, in nonpregnant African elephants, Hanks & Short (1972) reported cyclical CL sizes of 2.4-3.3 cm in culled animals while Hermes et al. (2000) reported an average diameter of 2.58G0.45 cm (range: 2.3-3.8 cm) for CLs observed by ultrasound. This suggests that CLs are significantly larger during gestation than during the cycle.
However, ultrasound data also conflict with previous anatomical studies. Histological interpretation of CL origin is difficult. The finding of so called 'ovulation stigmata' (trauma of ovulation) in more than one CL (Perry 1953 , Hanks & Short 1972 , Smith & Buss 1975 disagrees with both the generally accepted fact that elephants are monovular as well as ultrasound observations of only a single ovulation per cycle in this and in other reports (Hermes et al. 2000 , Hildebrandt et al. 2000a ). This suggests that there is a different reason for the origin of these stigma-like appearing protuberances.
This study determined that the right ovary was more active, as a higher number of ovulations were recorded on this side and acCL number was always greater in the ovary that showed ovulation. This ovarian preference has also been documented in the dugong (Dugong dugong), a close relative of the Asian elephant (Marsh et al. 1984) .
The discovery that the acCLs were more numerous in the ovary, which subsequently became the ovulatory ovary, is similar to previous observations in pregnant African elephants examined during postmortem (Hanks & Short 1972 , Allen 2006 . Interestingly, since LUFs are formed well before the ovCL, this suggests that the ovulatory ovary is already predetermined by these structures. It is quite possible that the LUFs have a local effect on dominant follicle deviation. We did note a slight increase in P m concentrations in some cycles up to 3 days before the second LH surge, similar to previous studies (Carden et al. 1998 , Brown et al. 1999 , Dahl et al. 2004 ). This P m secretion is lower than that measured during the luteal phase and is most likely derived from the larger follicles or LUFs as previously speculated (Carden et al. 1998 , Dahl et al. 2004 . Although it is difficult to detect P m in the peripheral blood, results from this study suggest that the LUFs appear to have a local paracrine/autocrine function in the ovaries and at the site of the next ovulation. In the Graafian follicle of rats and cattle, both progesterone secretion and its receptor expression are crucial for ovulation (Kanayama et al. 1994 , Jo et al. 2002 . (mm) ovCL (G2) acCL (G1) acCL (G2) Figure 5 Development of the ovulatory corpus luteum (ovCL) and accessory corpora lutea (acCLs) during the estrous cycle in 33 elephants (nZ83 cycles) between two ovulations (ov1 and ov2). Elephants in group 1 (G1, gray symbols) were monitored sequentially, therefore, single measurements of group 2 elephants (G2) were plotted separately (black symbols). The acCL start forming before ovulation with a flatter growth curve (group 1: yZ0.000049x As previously speculated by Brown (2000) , the need for progestagens for dominant follicle deviation could explain why ovulation is observed only after the second LH peak, even though there is no significant difference in follicle number and size between the two LH peaks.
It should also be noted that male elephants respond to these larger first wave follicles as previously described (Brown et al. 1999) . Subordinate bulls attempt to mate around the first LH surge whereas experienced breeding bulls just mate 2-3 days up to and including the day of the second LH peak. We determined conclusively that mating behavior stops as soon as ovulation has occurred. This has implications for the timing of artificial insemination (AI) as it suggests that AI has a greater likelihood of being unsuccessful if the follicle has already ruptured.
Follicular growth was not seen as long as P m concentrations were elevated. As soon as P m reached baseline (follicular phase) values, follicles started developing. This is in contrast to other megavertebrae species such as giraffe (Lueders et al. 2009 ) or rhinoceros (Radcliffe et al. 1997) where follicles are constantly forming in all reproductive stages, even under the influence of a functional CL. In elephants, high P m levels appear to completely inhibit antral follicle formation. FSH, which reaches its maximum concentrations at the end of the luteal phase and/or beginning of the follicular phase (Brown et al. 1999) , seems to be an important factor for the initiation of immediate folliculogenesis on removal of the progesterone block.
After the second LH surge and ovulation, P m rose rapidly within 1-3 days, even though the ovCL had not yet formed. Therefore, initial P m secretion appears to be provided by the acCLs whose growth is already advanced at this stage. The luteal cells of the acCLs may require the second LH peak to mature and become fully steroidogenically active. In Baringo giraffes (Giraffa camelopardalis rothschildi) and white rhinoceros (Ceratotherium simum simum) a time span of 5-6 and 7-9 days respectively has been reported from ovulation to first rise in progesterone levels (Radcliffe et al. 1997 , Lueders et al. 2009 ). The short period from ovulation to increased P m concentrations in the Asian elephant supports the hypothesis that the acCL may initially be responsible for secreting this hormone while the ovCL contributes and maintains P m during the remainder of the luteal phase. Postmortems on culled, pregnant African elephants showed that all CLs are equally capable of producing P m (Hodges et al. 1997) . We were unable to determine a correlation between CL number, size, and peripheral P m which agreed with an earlier study (De Villiers et al. 1989) .
Luteal regression of acCLs occurred earlier than the ovCL. A decline in the acCL diameter was noticed while the ovCL continued growing or maintaining its size for a few more days. The onset of the decline in P m concentrations (functional luteolysis) was followed by the reduction in the diameter of the ovCL (structural luteolysis). At the time of P m decline, all CLs were still surprisingly large. Hermes et al. (2000) noted that the CL regression in four African elephants was completed by the late follicular phase. In this study, the CLs from the female Asian elephants persisted structurally, but not functionally, into the luteal phase of the subsequent cycle. This difference may be due to the use of the advanced ultrasound equipment rather than a difference between the two species of elephants.
In summary, we showed that two new sets of CLs are formed in every cycle in the Asian elephant. This is brought about by the occurrence of two successive follicular waves, each culminating in an LH peak. The first LH surge induces luteinization of the largest follicles from the first follicular wave while the second LH surge results in the ovulation of a single follicle developed during the second wave. These two follicular waves, as well as the slow growth rates of CLs, govern the w4-month-long reproductive cycle. Furthermore, the long luteal phase allows for the development and maturation of multiple luteal structures in support of a possible conception and subsequent pregnancy maintenance. This is a critical finding as the placenta has been shown to be steroidogenically inert (Allen et al. 2002) .
The described mechanism for the development of CLs in cycling female Asian elephants is unique. By using two LH peaks for CL recruitment, elephants appear to have evolved a different strategy from all other mammals studied to date, ensuring that they have sufficient luteal capacity to maintain a pregnancy lasting 22 months.
Materials and Methods
Elephants
Data on follicle development and CL growth were collected during 83 different cycles in 33 female Asian elephants housed in 12 zoological facilities in Europe, North America, Australia, and Singapore. All elephant cows were between 7-and 49-years old. Twenty-four females were nulliparous (age: 21.0G10.1 years), five females were primiparous (age: 21.8G5.0 years), and four females had previously given birth to two to three calves (age: 31.3G9.0 years).
Only cows with normal cycles and without major reproductive tract pathologies were included in this study. All elephants were kept in direct-contact situations, except for the three females, where a restraint chute was used and were trained to allow rectal ultrasound.
For data assessment, two groups were created:
Group 1 (sequentially monitored) consisted of females (n 1 Z7) that were kept in facilities in Canada (nZ5) and Europe (nZ2). Weekly progestagen profiles were generated for monitoring reproductive activity.
Ultrasonography
Ultrasound technique was applied 1-230 times per animal, with a total number of 608 examinations for both the groups. The ultrasound procedures were performed transrectally as described previously (Hildebrandt et al. 2000a) . In 75% of the examinations, the ovaries were visualized with a hand-held ultrasound probe, in 15%, a plastic extension (made out of PVC pipe, with the end angled downward 130 8C) was taped to the probe to gain 20 cm extra reach, and in 10% of the cases a longer metal extension (Hildebrandt & Schnorrenberger 1996; patent no. DE 196 06 925 A1) was needed to reach deep enough into the abdomen. The whole procedure, including manual removal of feces and enema, lasted 25-50 min of which the ultrasound investigation typically took between 7 and 25 min.
To ensure high quality images and re-detection of the same structures in the ovaries in the follow-up procedures, a stationary 3D ultrasound device equipped with a volume probe (2-5 MHz, Voluson 530, Kretztechnik, Zipf, Austria) and a more sophisticated portable 4D ultrasound machine (Voluson 'i,' General Electrics Health Care; GE Medical Systems Kretztechnik GmbH, Zipf, Austria) with 2-5 or 4-7 MHz volume probes were used. The 3D ultrasound technique, which had already been approved in studies on embryonic development in elephants (Hildebrandt et al. 2007 , Drews et al. 2008 , was applied to the ovaries to facilitate identification of functional structures. With a special ultrasound evaluation software (4D, view 5.0; General Electrics Health Care, Milwaukee, WI, USA) scans could be assessed on the computer after the procedures. A specialized function allowed for enhancement of image quality and the viewing of 3D-scanned ovaries slice by slice in all three planes.
Parallel video sequences were recorded either with a mini-DV tape recorder ('watchman' GV-D900E; Sony, Tokyo, Japan) for the Voluson 530 or directly on the hard drive of the Voluson 'i' for retrospective evaluation.
Determination of female reproductive status
To determine the stage of reproductive cyclicity, serum or urine samples were collected in order to generate progestagen profiles. Serum was sampled from the ear vein while urine was free caught during urination. Samples were stored frozen at K20 8C until analysis.
Since the elephants were kept in different facilities and in different continents, progestagen profiles were created in different laboratories. Therefore, only the hormone results of group 1 elephants were used for comparative analysis. In group 2, profiles were generated from weekly serum for 14 animals and for 12 elephants from weekly urine samples using established methods (serum: Graham et al. 2001; urine: Niemuller et al. 1993) . The P m patterns of the group 2 elephants were only used to assess cycle length and stage, but not quantitative analysis.
The P m concentrations of animals in group 1 were determined from the serum through EIA using a previously published protocol (Graham et al. 2001 ) with slight modifications (Szdzuy et al. 2006 , Lueders et al. 2009 ). In brief, the progesterone CL425 antibody and the conjugate supplied by Coralie Munro (University of California, Davis, CA, USA) were diluted 1:6000 and 1:10 000 respectively. Samples were diluted 1:5 in EIA buffer before being assayed. Assay sensitivity was 3.125 pg/50 ml at 90% binding. The intra-and interassay coefficients of variation (CV) were !15%.
For the LH peak detection in group 1, serum samples were taken daily during the follicular phase (starting 2 weeks after the drop in P m ) and were analyzed using the modified method of Graham et al. (2003) . Serum LH was quantified by a doubleantibody enzyme immunoassay previously validated for elephants (Dahl et al. 2003 , Graham et al. 2003 , which used an anti-bovine LH antiserum (518-B7, provided by Prof. Janet Roser, University of California, Davis, CA, USA and as characterized by Matteri et al. (1987) and a nonspecific goat anti-mouse IgG (Sigma M8645). An ovine LH label was biotinylated in-house using the EZ-Link Sulfo-NHS-LC Biotinylation kit (cat. # 21430; Pierce, Thermo Fisher Scientific, Rockford, IL, USA) with reagent grade ovine LH (NIADDKoLH-26, provided by A F Parlow, National Hormone and Peptide Program). Bovine LH (NIHbLH-B10, provided by A F Parlow) was used for the standards (500-1.9 pg/well). Assay sensitivity was 3.9 pg/50 ml at 90% binding. Intra-and interassay CV was !15%.
Data analysis
Cycle length
The cycle length was defined as the combined length of luteal phase and subsequent follicular phase. Data were normalized to ovulation occurring on day 1 based on serum concentrations of P m and/or LH as well as ultrasound data in all animals. Thus, day 1 could be calculated based on ultrasonographic observations, the day after the second LH peak or the last day of mating. If none of these reproductive endpoints were available, then day 1 was defined as having occurred 2 days prior the rise in P m (average finding).
Measurement of ovarian structures
Ovarian structures differed slightly in their appearance (longish-oval, round-oval, and round) depending on the variation in pressure on the ovary caused by either the surrounding intestinal loops or the ultrasound probe itself. Furthermore, elephant CLs are not spherical, but plum-shaped. Therefore, functional structures were measured in two dimensions (length by height) at the maximum diameter and the mean of the two values was calculated.
Measurements of luteal structures
As soon as follicles luteinized (increased wall diameter, enhanced border), they were re-named as LUFs. After the second LH peak, the LUFs were re-classified as acCLs. In the graphs, measurements of luteinized structures were all handled as acCLs to show the continuous growth. The outer diameters were measured and their mean was shown in the growth curves (Fig. 5) . The follicle number and size was visualized throughout the different stages of the follicular phase and was defined as follows: pre-LH1 -days 1-8 of the follicular phase; anLH -days 2-0 prior the first LH peak; post LH1 -days 1-5 after the first LH peak; inter LH -days 5-18 after the first LH peak (between first and second LH); ovLH -days 2-0 prior the second LH peak (Fig. 3) .
Statistical analysis
Statistical analysis was performed using GraphPad InStat (GraphPad Software Inc., La Jolla, CA, USA). The Friedman's test with Dunn's post test as well as the paired t-test was used to compare means. When data from multiple cycles were available, the means were calculated for each animal first, to avoid a pooling effect. For statistical calculations on follicle size and diameter, values were derived from repeated examination of group 1 elephants. However, in the CL growth graphs (Fig. 5) as well as in the box plots of follicle size and diameter (Fig. 3) , all measurements in groups 1 and 2 were plotted to show the general trends of development from all the cycles and females investigated. In Fig. 5 , growth rates were calculated through regressions for group 1 (G1) and group 2 (G2) separately. Not all parameters could be obtained from each animal per examination, especially if only a single examination was possible. Therefore, the number of animals is indicated in the text. Values are given as meanGS.D.
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